Purpose: We compared the metabolic profiles and the association between LDH-A expression and lactate production in two isogenic murine breast cancer cell lines and tumors (67NR and 4T1). These cell lines were derived from a single mammary tumor and have different growth and metabolic phenotypes.
Introduction
Metabolic changes in primary tumors have a significant impact on tumor progression and on the development of the metastatic phenotype (1, 2) . The accumulation of lactate in tumor cells was first described by Warburg and is associated with aerobic glycolysis (3) . Clinical studies showed that high lactate levels (with median concentrations >8 mmol/L) are associated with the subsequent development of metastases (4) and include primary cervical, head and neck, and rectal cancers (5) (6) (7) . The recent coupling between metabolic and genetic variations in cancer cells has stimulated renewed interest in the role of cellular metabolism (2, 8, 9) . In cancer patients, serum total lactate dehydrogenase (LDH) levels are often increased, and the gene for LDH-A protein is often upregulated in tumors (10, 11) . These features have been linked to poor prognosis (11) (12) (13) (14) (15) , and a greater metastatic potential has been reported in patients with high LDH serum levels (11, 14) . Because LDH-A protein is required for the maintenance and progression of many tumors (10, 16) , it is also becoming a potential target for cancer therapy (16) (17) (18) . Many cancers, particularly those originating in the breast and ovary, are highly heterogeneous, representing a large array of diseases with different etiologies (19) and with distinct genetic and phenotypic signatures (20) . The metabolic response of individual tumor cells within a tumor is dependent on the environmental conditions (nutrient depletion, hypoxia, acidity, specific stromal cell components, etc.) encountered within the local tumor microenvironment, as well as specific oncogenic and/or tumor suppressor mutations of the tumor cell itself (9) .
We investigated the relationship between LDH-A expression and lactate production in 2 isogenic breast cancer lines (67NR and 4T1). These 2 cell lines were derived from a single mammary tumor that developed spontaneously in a BALB/c mouse. Each subclone was shown to have different phenotypic properties (21) (22) (23) . 67NR cells form primary tumors but do not metastasize. 4T1 cells are able to complete all steps leading to distant metastases and efficiently form macroscopic nodules in the lung (21) and other organs (22, 24) . We have shown a substantial variation in LDH-A expression between these 2 cell lines under normoxia and hypoxia that reflect LDH enzyme activity and lactate concentrations in tumors. Consistent with other reports (25, 26) , only minor changes in LDH-B expression were observed. We also studied the potential correlation between glucose utilization, as measured by [ 18 F]2-deoxy-2-fluoro-D-glucose uptake and positron emission tomography ([ 18 F]FDG-PET), and lactate production, as measured by magnetic resonance spectroscopic imaging (MRSI), in growing orthotopic tumors.
We consider LDH to be a critical branch point in metabolism. It is involved in the metabolism of the 2 major nutrients, glucose and glutamine, as well as in determining tumor pH and the activity of the tricarboxylic acid (TCA) cycle (27) . We hypothesized that tumor lactate levels monitored by MRSI will reflect LDH-A enzymatic activity and tumor phenotype. We show that lactate-MRSI measurements have a greater dynamic range than concurrent [ 18 F]FDG-PET measurements. We suggest that lactate-MRSI is a more sensitive measure than [ 18 F]FDG-PET and could be used in the clinic to evaluate the aggressive potential of primary breast tumors, as this imaging technology has been applied in human tumors.
Materials and Methods

Cell culture and growth
Two isogenic tumorigenic cell lines (67NR and 4T1), derived from a spontaneous breast tumor in a BALB/c mouse (provided by Fred Miller; Karmanos Cancer Institute, Detroit, MI), were studied. Cells were grown in complete Dulbecco's Modified Eagle's Media contain-ing 10% fetal calf serum with 2 mmol/L L-glutamine and penicillin/streptomycin. Cells were plated at a density of 5 Â 10 6 cells. Fourteen hours later, plates were placed under normal or hypoxic (1%) conditions to assess cell growth. During days 2 to 6, cells were trypsinized and resuspended in 1 mL of medium. Cells were counted using Countess Automated Cell Counter (Invitrogen).
Assessment of LDH-A mRNA expression
For all mRNA and proteins assays, we used cells growing for 48 hours (exponential growth phase). RNA was isolated using an "RNeasy" total RNA isolation kit (Qiagen), following the manufacturer's protocol. The presence of LDH-A and b-actin mRNAs was assessed using a QIAGEN One-
Step RT-PCR kit. The mouse LDH-A cDNAs were amplified using the oligonucleotides 5 0 -CCTGTGGCTGGGCTCTTGG C-3 0 and 5 0 -AGCCGGCTCTCCCCCTCTTG-3 0 . The level of b-actin transcript was used as an internal control and amplified using the oligonucleotides 5 0 -CCTAAGGC-CAACCGTGAAAAGATG-3 0 and 5 0 -GGGTGTAAACGCAGC TCAGTAAC-3 0 .
Western blotting
Breast cancer cell pellets underwent protein extraction using RIPA Buffer (25 mmol/L Tris HCl, pH ¼ 7.6, 150 mmol/L NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS; Thermo Scientific) and protease inhibitors cocktail (1:100; Thermo Scientific Halt Protease Inhibitor Cocktail). Protein concentrations were determined with bicinchoninic acid assay (BCA Protein Assay Kit; Pierce). In equivalent amounts (5-20 mg per well), the proteins were separated by electrophoresis using a NuPAGE 4-12% Bis-Tris gradient gel (Invitrogen) and transferred to an Immun-Blot PVDF membrane (BioRad). Membranes were blocked in 5% milk in TBS with Tween-20 buffer and were immunoblotted with anti-LDH-A antibody (#2012; Cell Signaling Technology) at a 1:1,000 dilution, anti-HXKII antibody (c-14, sc-6521; Santa Cruz Biotechnology) at a 1:200 dilution, anti-PKM2 antibody (#3198; Cell Signaling Technology) at a 1:1,000 dilution, and anti-LDH-B antibody (#1974-1; Epitomics) at a 1:1,000 dilution. Bound primary antibodies were visualized with appropriate horseradish peroxidase-conjugated secondary antibodies (1:2,000) using enhanced chemiluminescence reagent (Western Lightning-ECL). Immunoblots were stripped using Restore Western Blot Stripping Buffer (Thermo Scientific) and reprobed with anti-b-actin antibody (Abcam) at a 1:5,000 dilution.
LDH activity
Total LDH activity of 67NR and 4T1 cells was assessed using the Cytotoxicity Detection Kit PLUS (LDH; Roche Diagnostics). Different numbers of cells were plated in 96well plates and incubated (37 C, 5%CO 2 , 90% humidity) for 3 to 6 hours and lysed, and LDH activity was measured as described by the manufacturer.
Translational Relevance
Using subclones derived from a single spontaneous murine breast tumor, we show that the more aggressive clone (4T1, with a high propensity to metastasize to lung and other organs) produces higher levels of lactate in small tumors that are associated with higher LDH-A expression and a higher intensity of pimonidazole staining, when compared with the nonmetastatic 67NR clone. Lactate-MRSI, but not [ 18 F]2-deoxy-2-fluoro-D-glucose positron emission tomography ([ 18 F]FDG-PET) imaging, was able to identify significant differences in the metabolic phenotype between these 2 orthotopic tumors. There was a 10-fold higher level of lactate in small 4T1 tumors than in 67NR tumors, at the time 4T1 lung metastases were developing. In contrast, there was only a 1.1-fold difference in [ 18 F]FDG accumulation in the same tumors. These studies show a much greater dynamic range for tumor lactate measurements than for measurements of [ 18 F]FDG accumulation in these tumor models.
Glucose utilization
Glucose utilization of 67NR and 4T1 cells was assessed using the Glucose Assay Kit (MBL International). The glucose concentration in growth medium was measured and compared with a control medium at days 2 and 5.
L-Lactate
Lactate production by 67NR and 4T1 cells during growth was assessed by measuring the culture medium lactate using an L-lactate assay kit (Eton Bioscience).
Oxygen consumption assay
Oxygen consumption was measured using the OxyLite system (Oxford Optronics; ref. 28 ). Cells were cultured in 75 cm 2 flasks to approximately 90% confluence. Cells were trypsinized to prepare single cells in the growth media containing 25 mmol/L HEPES. Cells were suspended in 5 mL medium and incubated in sealed Reacti-vials (Pierce Scientific, now known as Thermo Fisher Scientific Inc.) at 37 C, with continuous stirring. The OxyLite probe was introduced into the cell mix using a 19-G needle to pierce the rubber septum. Measurements were recorded over 30 to 60 minutes. Medium pH was measured before and after the experiment. To show a maximal inhibition of the electron transfer chain, an inhibitor of the respiratory chain, rotenone was added to cells for 30 minutes at concentrations of 1 or 10 mmol/L. All experiments were repeated at least 3 times with cells from independent cultures.
Animal model
The animal protocol was approved by the Institutional Animal Care and Use Committee of Memorial Sloan Kettering Cancer Center. A total of 1 Â 10 6 67NR and 4T1 cells were injected into the fourth right mammary fat pad of athymic nu/nu female mice (National Cancer Institute). Tumors were categorized into following 3 groups: small (<150 mm 3 ), medium (150-400 mm 3 ), and large (>400 mm 3 ). Tumor volume (V) was calculated from caliper measurements, where V ¼ (p/6) Â x Â y Â z where x, y, and z are 3 orthogonal diameters. A total of 20 mice [67NR (n ¼ 8) and 4T1 (n ¼ 12)] were used in the imaging experiments.
In vivo lactate detection
The lactate level in the tumor was detected using MRSI. Tumor-bearing mice were anesthetized with isoflurane (1.5%) combined with oxygen. MRSI experiments were carried out on a 7T Bruker Biospec Spectrometer using home-built 2-turn solenoid coils (7 and 12 mm in diameters). The coil was positioned in the center of the platform and matched with the isocenter of the magnet. Scout images acquired with the Bruker ParaVision TriPilot Sequence ensured that the tumor was in the center of the magnet. The body temperature of the mice was monitored and maintained at 35 C using a rectal temperature probe and warm air was directed on the animal (MR-compatible, small rodent Heater System; SA Instruments). The lactate signal was detected using the Selective Multiple Quantum Coherence (SelMQC) editing sequence (29, 30) . Spectra of both the whole tumor and a 5-mm thick center slice in the coronal plane were acquired with repetition time (TR) ¼ 2 seconds, number of excitations ¼ 8,512 data points, and spectral width ¼ 2,510 Hz. Twodimensional chemical shift imaging (2D-CSI) of the localized, 5-mm thick coronal slice was conducted with the following parameters: matrix size ¼ 16 Â 16 and field of view ¼ 24 mm (1.5 Â 1.5 mm 2 in plane resolution). The voxel volume of the CSI was 11.25 mm 3 , and total 2D-CSI acquisition time was 70 minutes. The 2D-CSI was coregistered with a T 2 -weighted image using a multislice multiecho sequence (MSME). The parameters for the MSME included a slice thickness ¼ 1 mm, field of view ¼ 24 mm, 2,217-ms repetition time, 40-ms echo time, matrix size ¼ 512 Â 256, and number of average ¼ 8.
Multislice images of the tumor in the coronal plane were also acquired using rapid acquisition with relaxation enhancement (RARE) sequence with a slice thickness of 1 mm. The volumes of the tumor in the central slice for CSI were calculated by drawing regions of interest (ROI) in the T 2 -weighted image to find the tumor area and then multiplying the area by the slice thickness.
Magnetic resonance data processing
The 1D lactate spectra from the 5-mm thick center slice were processed by a 1D Fourier transform, similar to our previous methodology (31) . The absolute magnitude of the echo signal from the slice was fitted by a home-written program using Matlab (The MathWorks) and normalized to the slice volume. Lactate spectra quantitation was conducted by the phantom replacement technique (32), using a 10 mmol/L lactate/H 2 O cylinder. The concentration of in vivo tumor lactate, C, can be calculated from the phantom solution of known lactate concentration C ref as follows:
A and A ref are the measured areas under the fitted peaks in tumor and in the reference phantom, respectively. The relaxation times, T 1 and T 2 , were measured using modified T 1 -SelMQC and T 2 -SelMQC sequences which have been described elsewhere (30) . The correction factor for T 1 and T 2 differences between phantom and in vivo data is as follows:
The T 1 values for the 67NR and 4T1 are 1.61 and 1.86 seconds, respectively. The T 2 values for the 67NR and 4T1 tumors are 0.21 and 0.34 seconds, respectively. For the lactate phantom, the T 1 is 1.3 seconds and T 2 is 0.5 seconds. The 2D-CSI data from the tumor and the phantom were processed voxel by voxel by the 3DiCSI Software Package (courtesy of Truman Brown, PhD, Columbia University, New York, NY). The spectra from the 2D-CSI were superimposed on the corresponding T 2 -weighted MSME image using the 3DiCSI software. The spectrum from each tumor voxel was extracted for further processing by software written using Matlab. Voxel volume was selected as 11.25 mm 3 for both tumor and phantom. Also, the maximum concentration of lactate in a voxel was identified (hot spot for lactate) and recorded.
MicroPET
[ 18 F]FDG-PET imaging was conducted after lactate-MRSI, as previously described (33) . [ 18 F]FDG (specific activity > 11 Ci/mmol, average purity 99%) was provided by IBA Molecular. An experimentally determined system calibration factor was used to convert voxel count rate to radioactivity concentrations, expressed as percentage of injected dose/mL (%ID/mL). ROI analysis of the reconstructed images was conducted using ASIPro software (Siemens Medical Solutions) to determine the average and maximum tumor radioactivity values. A partial volume correction was applied to the ROI-measured radioactivity data ( Supplementary Fig. S1 ).
Immunohistochemical staining
Selected animals were injected with pimonidazole hydrochloride (hypoxyprobe-1, HPI) and Hoechst 33342 (Sigma-Aldrich) at 60 and 40 mg/kg, respectively. These agents were dissolved in PBS and administered by way of the tail vein. Pimonidazole hydrochloride was administered 1 hour presacrifice, and Hoechst 33342 was administered 5 minutes presacrifice (34) . Tumors were immediately frozen at À80 C for immunohistochemistry. Ten-micrometer thick, adjacent frozen sections from the estimated location of the MRS slice were obtained using a Microm HM500 cryostat microtome (Microm International GmbH). The sections were imaged for Hoechst (blood perfusion) and for pimonidazole (hypoxia) detection. The sections were then stained with CD31 antibody (endothelial cell marker), and adjacent tumor sections were processed for hematoxylin and eosin (H&E) staining. Images of the sections were processed using Matlab to estimate the fraction of tumor necrosis (31) .
Statistical analyses
All values are expressed as mean AE SD. Statistical significance was determined by a 2-tailed Student's t test; a value of P < 0.05 was considered significant.
Results
Metabolic characterization of 67NR and 4T1 murine breast cancer cell lines
The metabolic features of 2 isogenic tumor cell lines, with different phenotypic growth and metastatic characteristics, were compared and related to LDH-A mRNA expression and protein levels. Semiquantitative reverse transcriptase (RT)-PCR and immunoblotting for LDH-A showed that nonmetastatic 67NR cells express lower levels of LDH-A in comparison with highly aggressive, metastases prone 4T1 cells during exponential growth under normal incubation conditions ( Fig. 1A and B ). To confirm that LDH-A expression levels correlate with the functional activity of LDH as an enzymatic complex, we conducted an enzymatic assay in viable 67NR and 4T1 cancer cells (Fig. 1C ). LDH activity was approximately 5-fold higher in 4T1 cells than in 67NR cells.
We also assessed the expression levels of 2 other glycolytic enzymes, HXKII (hexokinase II) and PKM2 (pyruvate kinase muscle isozyme 2; Fig. 1B ). HXKII and PKM2 are overexpressed in 4T1 cells compared with 67NR cells; the relative intensity of the immunoblot bands was measured and showed a 3-and 2-fold difference, respectively (data not shown).
A significant difference in acidification of the incubation medium and lactate production was also observed between the 2 cell lines ( Fig. 1D and G) . At day 5 of cell growth, the medium pH of 4T1 was 6.9 AE 0.1 whereas the medium pH of 67NR cells was 7.4 AE 0.1. Glucose utilization by 67NR and 4T1 cells was also significantly different ( Fig. 1F ); 4T1 cells exhausted the supply of glucose in the medium within 5 days of incubation whereas 67NR cells used only 50% of the available glucose during this period. These differences are significant at day 5 of cell growth and cannot be explained by differences in cell numbers.
Many advanced cancers that reflect the Warburg phenotype have high glucose uptake with conversion of glucose to lactate. Cells with this phenotype consume available oxygen at a rate dictated by their oxidative capacity, and this consumption rate can be measured. Interestingly, 4T1 cells had a 3-fold higher rate of oxygen consumption than 67NR cells. The inhibition of the mitochondrial respiratory chain complex I by 1 mmol/L rotenone was approximately 90% in 4T1 cells and 100% in 67NR cells ( Fig. 1E ). Rotenone at 10 mmol/L completely inhibited oxygen consumption in both cell lines.
In vivo lactate detection with 1 H-MRSI using a SelMQC sequence
Because 67NR and 4T1 cancer cells show significant differences in the expression of HXKII, PKM2, and LDH-A, as well as glycolytic flux and mitochondrial respiration, we decided to assess whether they exhibited a different metabolic phenotype in vivo as well. Lactate concentration in 67NR and 4T1 tumors was monitored by MRSI using the SelMQC sequence during tumor growth (the tumor growth profiles are shown in Supplementary Fig. S2 ). The 2D-CSI of nonmetastatic 67NR and metastatic-prone 4T1 tumors are compared at 3 different tumor volumes ( Fig. 2A and B) . Note that the distribution of lactate signal varies spatially across both 67NR and 4T1 tumors, reflecting the heterogeneity of tumor metabolism. A difference in total LDH-A expression is also present in 67NR and 4T1 tumors, as assessed by Western blotting (Fig. 2C) .
Small (<150 mm 3 ) 67NR tumors showed very low levels of lactate (average lactate ¼ 0.9 AE 1.9 mmol/L; Fig. 3A and C) . Lactate levels in 67NR tumors larger than 150 mm 3 gradually increased and reached a plateau during tumor growth, with an average concentration of 5.5 AE 1.8 mmol/L. Small (<150 mm 3 ) 4T1 tumors have significantly higher lactate concentrations (9.3 AE 2.7 mmol/L) than small 67NR tumors (P ¼ 0.0001). In contrast to 67NR tumors, the lactate signal in 4T1 tumors decreased rapidly, as tumor size increased (Fig. 3B and C) . Expressed differently, primary 4T1 tumors (6-8 days after orthotopic implantation when metastases are first detected; mean volume ¼ 73 AE 14 mm 3 ) have very high lactate levels (11.0 AE 1.5 mmol/L). Plotting tumor lactate concentrations versus time after orthotopic implantation yielded lactate concentration profiles (Fig. 3D ) similar to that obtained when plotted versus tumor volume ( Fig. 3A and B ).
An examination of the H&E sections of different size 67NR and 4T1 tumors showed that necrosis became visible in 4T1 tumors even at 100 mm 3 in size whereas necrotic areas were essentially absent in large (>400 mm 3 ) 67NR tumors ( Supplementary Fig. S3 ). The decrease in lactate signal as 4T1 tumors increase in size (Fig. 3B ) may be explained, in part, by the increase in tumor necrosis. We analyzed the H&E sections of 5 large 4T1 (450, 530, 670, 770, and 860 mm 3 ) tumors that had lactate-MRSI measurements just prior to sacrifice. The fraction of viableappearing tissue in these large 4T1 tumors was calculated from the H&E images of these tumors using Matlab (described in Materials and Methods). When the lactate signal was corrected for the viable tissue volume, the average lactate concentration in those large 4T1 tumors was calculated to be 7.3 AE 1.4 mmol/L.
FDG microPET imaging
[ 18 F]FDG microPET scans were conducted following lactate 1 H-MRSI imaging on the same tumor-bearing animals. Small 67NR tumors (<150 mm 3 ) had an average partial volume-corrected [ 18 F]FDG uptake of 6.2 AE 1.5 %ID/mL, which slowly declined as the tumors increased in size ( Fig. 4A and C) . The partial volume-corrected [ 18 F]FDG uptake of small 4T1 tumors was 6.8 AE 2.2 %ID/mL, which decreased rapidly with tumor growth, approaching a plateau value of approximately 3%ID/mL as the tumors increased in size ( Fig. 4B and C) . All 4T1 tumors exhibited more-intense FDG accumulation along the periphery during the late stages of the growth (Fig. 4D ), reflecting lower metabolism in central tumor areas with greater necrosis. MRSI also showed heterogeneity of lactate levels in medium and large 4T1 tumors, but there was not a strong segregation between the periphery and central core.
Comparison of growth profiles and LDH-A and LDH-B expression under normoxic and hypoxic conditions
4T1 cells grow more rapidly than 67NR cells during first 4 days of culture and then plateau whereas 67NR cells continue exponential cell growth through day 7 (Fig. 5A ). Because we determined that 4T1 cells have a higher rate of oxygen consumption than 67NR cells (Fig. 1E ), we conducted experiments to study the effect of hypoxia (1% oxygen) on cell growth. We found that the growth of 4T1 cells under hypoxic conditions declined after day 3 ( Fig. 5A ), suggesting that 4T1 cells are very sensitive to hypoxia. In contrast, 67NR cells were less affected by hypoxia and continued to grow slowly after day 3 (Fig. 5A ). We also assessed the impact of hypoxia (1% of oxygen) on LDH-A and LDH-B expression levels by immunoblotting. Hypoxia had little effect on LDH-B levels in the 2 cell lines, consistent with previous published studies (25, 26) ; the major change was found in LDH-A expression ( Fig. 5) . Importantly, 4T1 cells had a higher expression of more than 10-fold of LDH-A than 67NR cells under normoxic culture conditions, and both cell lines increase LDH-A expression in response to hypoxia (based on the b-actinnormalized intensity of the bands; Fig. 5B and C). 67NR cells have very low levels of LDH-A under normoxia, but an 18-fold upregulation was observed under hypoxia ( Fig. 5B and C). Note that the LDH-A protein levels were similar in both cell lines under hypoxia.
The differential expression of LDH-A protein in 4T1 and 67NR cells under normoxic and hypoxic conditions in cell culture is consistent with the variation and difference in lactate levels measured by MRSI in small 4T1 and mediumto-large 67NR orthotopically growing tumors (Fig. 3) . In support of this explanation, tumor samples were collected and processed after administration of pimonidazole hydrochloride and Hoechst 33342 (hypoxia and the blood perfusion probes, respectively; Fig. 6 ). Consistent with the in vitro results, small (100 mm 3 ) 4T1 tumors show small zones of necrosis (or impending necrosis) associated with pimonidazole (hypoxia) and attenuated perfusion staining. The intensity of pimonidazole staining was significantly higher in all 4T1 samples than in 67NR tumors. The visible, but less intense, hypoxia staining was observed only in the larger 67NR tumor samples. These results could partially explain the gradual increase and plateau level (5.5 AE 1.8 mmol/L) of lactate in medium and large sizes 67NR tumors as a result of increasing hypoxia that develops in the enlarging tumors (>150 mm 3 ; Fig. 3A) . Moreover, the development of significant necrosis observed in all enlarging 4T1 tumors ( Supplementary Fig. S3 ) may explain the lower lactate accumulation in comparison with small 4T1 tumors.
Discussion
Glucose and glutamine are the major carbon sources for rapidly proliferating tumors, providing precursors for nucleic acids, proteins, and lipids, as well as metabolicreducing capability (NADPH). Pyruvate is largely derived from both glucose and glutamine metabolism; it can be converted to lactate by the LDH complex and/or enter the TCA cycle for conversion to CO 2 and ATP. The conversion of pyruvate to lactate is also catalyzed by LDH which is a reversible reaction that results in the formation of NAD þ , which is necessary for further glycolysis. LDH isoenzymes are found in almost all eukaryotic cells and tissues, reflecting the importance of this metabolic step. As a consequence of increased glucose and glutamine metabolism, tumors secrete lactate, alanine, and NH 4 þ . When oxygen is available, the accumulated and exogenous lactate can be reutilized and converted back to pyruvate, where it is further oxidized to CO 2 and H 2 O in the TCA cycle, generating ATP and NAD þ (35) . Recently, it was shown that LDH-A is required for the maintenance and progression of many tumors (10, 16, 17) , but the mechanisms by which LDH-A facilitates tumor progression are poorly understood.
We studied 2 isogenic cell lines (67NR and 4T1) originating from the same mammary tumor (21) . Both cell lines generate orthotopic breast tumors with different growth and metastatic profiles (21): 67NR cells form primary tumors but no metastases, whereas 4T1 cells generate tumors that rapidly complete all steps leading to macroscopic nodules in lungs within 6 to 8 days of orthotopic implantation. In this study, we show that these cell lines and their corresponding orthotopic tumors have different metabolic profiles as well.
Significant differences in the gene expression pattern of 4T1 and 67NR cells have been described (22, 24, 36) , and these differences contribute to the distinct metabolic and phenotypic behaviors of 4T1 and 67NR cells and tumors. A substantial number of highly expressed genes in 4T1 cells/ tumors are associated with cell adhesion, migration, angiogenesis, extracellular matrix modification, cytoskeleton function, cell proliferation, apoptosis, survival, inflammation, immune response, and cellular metabolism. 4T1 cells also displayed elevated levels of Gadd45, Pfkfb3, Vegfc, Flt1; some of these genes are known to be regulated by hypoxia and glucose deprivation. This gene expression profile suggests that 4T1 cells are in a stress-related state, with high metabolic requirements that are inadequately supplied by the vasculature leading to hypoxia and glucose deprivation.
Our additional analysis of published data (22, 36) identified several other important modulators of tumor metabolism. Carbonic anhydrase isoform-12 (CA12) in 4T1 cells is expressed 6.7-fold above that in 67NR cells. CA12 is a transmembrane enzyme that maintains normal intracellular pH and is known to be upregulated by hypoxia-inducible factor 1. Furthermore, a 2.3-fold elevation of MYC expression was observed in 4T1 cells compared with nonmetastatic 67NR cells (22) . This raises the interesting possibility of a link between glucose and glutamine metabolism in these cells because Myc induces mitochondrial biogenesis in proliferating cells (37) , stimulates mitochondrial glutamine metabolism (38) , and upregulates LDH-A (39). In addition to data from gene expression analyses, comprehensive proteomics profiling across these cell lines has been conducted (40) . The majority of the detected changes in protein expression are associated with metabolism-related proteins (>40%) including the expression of LDH-A (40) . A recently completed metabolomic analysis of the same cells using liquid chromatography/tandem mass spectroscopy confirmed the above observations (41) . The metastatic capacity of 4T1 cells was shown to be associated with altered glycolysis, pentose phosphate pathway, and fatty acid synthesis, as well as decreased reduced glutathione/oxidized glutathione redox pool. In addition, 4T1 cells have shown enrichment of TCA cycle intermediates (citrate, isocitrate, and malate; ref. 41 ), which corre-lates with a 3.2-fold higher expression of malic enzyme in 4T1 cells (36) . These data coincide with a recent study (42) showing that breast cancer cells with the potential to form brain metastases may use aerobic glycolysis coupled to the TCA cycle and oxidative phosphorylation to generate energy for cell growth. However, it is unclear whether the increase in TCA cycle activity is driven primarily by glucose or by glutamine metabolism, and additional studies will be required to answer this question.
The metabolism of both glucose and glutamine involves LDH. LDH is a tetrameric enzyme, containing 2 major subunits (A and B) coded by 2 different genes (LDH-A and LDH-B), which may form 5 isozymes (43). All 5 isozymes can catalyze the forward and backward conversion of pyruvate and lactate. LDH-A (LDH-5, M-LDH, or A4) kinetically favors the conversion of pyruvate to lactate whereas LDH-B (LDH-1, H-LDH, or B4) predominantly converts lactate to pyruvate, which will be further oxidized through the TCA cycle (44) . The LDH-A and LDH-B subunits and their ratio are very important in the formation and function of the tetrameric enzyme, and the subunit composition impacts on the kinetics and the direction of the LDH-regulated reaction. We found nearly equal levels of LDH-A and LDH-B expression in 4T1 cells using immunoblot analysis. The LDH-A/LDH-B ratio was 1.0 and 1.4 in 4T1 cells under normoxia and hypoxia, respectively. In 67NR cells the corresponding LDH-A/LDH-B ratio variation was much greater under normoxia and hypoxia, ranging from 0.11 to 1.66, respectively. The LDH isozymes of 4T1 and 67NR cells have the capacity to catalyze pyruvate-lactate reactions in both directions, with a tendency toward lactate formation under hypoxic conditions. Moreover, these results (reflecting a change in the LDH-A/LDH-B tetrameric enzyme ratio) are consistent with the oxygen consumption experiments, where high mitochondrial TCA cycle activity was observed in 4T1 cells and with the in vivo MRSI experiments showing high lactate and early development of necrosis in small 4T1 tumors. The hypoxia-induced change in the LDH-A/LDH-B tetrameric enzyme ratio of 67NR cells was more dramatic and consistent with the appearance of lactate in medium-and large-size 67NR tumors. Under hypoxia, 67NR cells significantly upregulate LDH-A and change the composition of the LDH enzymatic complex with the preference toward lactate formation (44) .
The higher LDH-A expression in 4T1 cells than in 67NR cells under normal oxygen conditions is reflected in higher LDH enzymatic activity, higher lactate production, greater generation of hydrogen ions, and a greater consumption of glucose by 4T1 cells. In contrast with a traditional Warburg phenotype, 4T1 cells consume oxygen significantly faster than 67NR cells, showing high mitochondrial respiration in these metastatic-prone cancer cells. In the last several years, a number of publications have shown that oncogenes, such as c-Myc (37) and mutant H-Ras (45), increase mitochondrial metabolism which correlated with metastatic potential. Importantly, active oxidative phosphorylation could be very essential for the in vivo growth of highly glycolytic tumors, which could be a step to recycle secreted lactate to fuel mitochondrial activity (46) or be an adaptation to other metabolic stress (47, 48) . In addition, the anchorage-independent growth phenotype, which is an important signature of metastatic tumors, is also associated with the activated mitochondrial biogenesis (49) .
Several noninvasive imaging techniques can be used for the assessment of tumor metabolism. MRI/MRS provides a unique ability to noninvasively obtain structural as well as metabolic information from soft tissues. [ 18 F]FDG-PET is primarily used in tumor diagnosis to stage the extent of disease and to monitor the response to therapy (50); the magnitude of FDG uptake has also been shown to reflect, in part, the rate of glycolysis (50) . The capability of MRSI to noninvasively obtain metabolic information is a valuable asset in the metabolic profiling of tumors and can provide molecular signatures of specific biological processes in discreet anatomic structures using natural metabolites and stable (nonradioactive) isotopes ( 13 C, 15 N, etc.). Using SelMQC transfer in combination with CSI for in vivo lactate detection, we have shown striking differences and changes in tumor lactate levels during orthotopic 67NR and 4T1 breast tumors growth. A 10-fold higher level of lactate was measured in small (<150 mm 3 ) 4T1 tumors than in small 67NR tumors (Fig. 3) . Lung metastases are known to develop early ($6-8 days after orthotopic implantation of 4T1 cells; Supplementary Fig. S4; ref. 21 ) and at approximately the same time that 4T1 tumor lactate levels are very high (11.0 AE 1.5 mmol/L, 8 days after implantation; Fig. 3D ). The correspondence of high lactate levels in small 4T1 tumors and concurrent development of lung metastases is of particular interest and suggests that high levels of lactate may be associated with the initiation of metastases. Differences in lactate production and microenvironment acidity have been previously shown to differentiate metastatic and nonmetastatic human xenografts (51, 52) . The high lactate concentration ($10 mmol/L; Fig. 3D ) measured in small 4T1 tumors, concurrent with the development of lung metastases (days 6-8; Supplementary Fig. S4 ), is consistent with clinical studies (4, 6) where high lactate levels (with median concentrations >8 mmol/L) were associated with the subsequent development of metastases (4) .
In comparison to tumor lactate levels, there were only small changes in [ 18 F]FDG accumulation during 4T1 and 67NR tumor growth. At the time metastases were developing from small orthotopic 4T1 tumors, there was only a 1.1-fold difference in [ 18 F]FDG accumulation between 4T1 and 67NR tumors. In contrast, there was a 10-fold difference in lactate levels in the same tumors at the time when there was little or no tumor necrosis. The subsequent decline in lactate concentration and [ 18 F]FDG accumulation during 4T1 tumor growth may reflect the effects of tumor necrosis. Because tumor lactate concentration and [ 18 F]FDG accumulation are likely to be related in a glycolytic phenotype, we compared the ratio of tumor lactate concentration and tumor [ 18 F]FDG accumulation, sequentially during tumor growth. Despite a fair amount of scatter, 67NR and 4T1 tumors showed marked differences in their lactate/FDG ratio profiles when the tumors were small ( Supplementary Fig. S5 ) whereas both tumors approached a similar plateau ratio (1.0-1.1 mmol/L/ %ID/mL) as they increased in size.
Cellular oxygen consumption is one of the determinants of intracellular oxygen levels (53) . Under conditions of high oxygen demand, cells can become hypoxic due to high oxygen consumption (54) . This is reflected in the metabolic profiles observed for small 4T1 and 67NR tumors and is very similar to those observed in the cell culture experiments. It suggests that the in vitro cell culture environment may better reflect the in vivo environment of small tumors. Thus, in vitro cell cultures may be better models for small well-perfused tumors prior to the development of significant ischemia, hypoxia, and necrosis. In culture, 4T1 cells produce lactate and consume significantly more glucose and oxygen than 67NR cells. The appearance of necrotic 
4T1
H&E zones, even in small 4T1 tumors at the time early metastases are developing, is likely to reflect an oxygen requirement for efficient 4T1 cell metabolism and may contribute to hypoxia-induced cell death in these tumors. Moreover, the significant necrosis observed in all enlarging 4T1 tumors ( Supplementary Fig. S3 ) is associated with lower levels of lactate production in medium-and large-size 4T1 tumors. The intensity of the pimonidazole staining was also significantly higher in all 4T1 samples than in 67NR tumors. Less-intense hypoxia staining was observed only in the larger 67NR tumors and is consistent with the gradual increase and plateau of lactate concentration in medium and large sizes 67NR tumors.
This study presents several important findings: (i) The expression of LDH-A and production of lactate in 4T1 breast cancer cells and small orthotopic tumors are higher than in isogenic 67NR cells and tumors; (ii) Changes in LDH-A level under hypoxic conditions could explain the formation of lactate in larger 67NR tumors; (iii) MRSI was considerably better than [ 18 F]FDG-PET in identifying significant differences in the metabolic phenotype of small 4T1 tumors (high lactate production and high glucose utilization) than in 67NR tumors, and these differences were most prominent during early tumor growth when 4T1 metastases were developing; and (iv) Lactate-MRSI has a greater dynamic range than [ 18 F]FDG-PET and may be a more sensitive measure with which to evaluate the aggressive potential of primary breast tumors.
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